Little is known regarding the effects of environmental lead exposure on cardiovascular risk factors in the adolescent population. We studied 11,662 subjects included in the National Health and Nutrition Examination Survey (NHANES) 1999-2012. Blood lead levels were analysed for their association with cardiovascular risk factors (CVRF). Regression coefficients (Beta) and 95% confidence intervals (CIs) of blood lead in association with CVRF (e.g., total cholesterol, HDL-cholesterol, LDL-cholesterol, triglyceride, fasting glucose, glycohemoglobin, fasting insulin, and blood pressure) were estimated using multivariate and generalized linear regression after adjusting for age, gender, ethnicity, serum cotinine, body mass index (BMI), physical activity, and household income. We identified a strong positive association between blood lead (coefficient = 0.022, 95% CI 0.003, 0.041; P = 0.022) and LDL-cholesterol in adolescents (age 12-19 years). However, no associations with other CVRFs were found in the overall population. In the generalized linear models, participants with the highest lead levels demonstrated a 1.87% (95% CI 0.73%, 3.02%) greater increase in serum LDL-cholesterol (p for trend = 0.031) when compared to participants with the lowest lead levels. These results provide epidemiological evidence that low levels of blood lead are positively associated with LDL-cholesterol in the adolescent population.
Results
Of the 71,916 participants of the NHANES 1999-2012, we excluded those who were aged age greater than 20 years old (n 38,024) and less than 12 years old (n 9,211), who had missing blood lead (n 12,852), or who were pregnant (n 167). The final analytic population included 11,662 participants (6,031 boys and 5,631 girls; Fig. 1 ). Table 1 shows the mean ± standard deviation was 1.17 ± 1.20 μg/dL for blood lead. Blood lead concentrations were significantly higher in participants who were younger, were boys, were Mexican American, had lower income, had a lower body mass index, had lower waist circumference, had high physical activity or had high serum cotinine. Blood lead concentrations also differed by cycles of NHANES. Table S1 shows mean, median, and geometric mean of CVRF. Table 2 shows multivariable associations of blood lead with CVRF in U.S. adolescents 1999-2012. In age and gender-adjusted models, blood lead was positively associated with HDL-C (coefficient = 0.008, 95% CI: 0.000, 0.016), but the association moved substantially towards the null after adjustment for other covariates (coefficient = 0.003, 95% CI: −0.005, 0.011). Blood lead levels were inversely associated with fasting glucose (coefficient = −0.005, 95% CI: −0.007, −0.002), HbA1c (coefficient = −0.006, 95% CI: −0.008, −0.003), and fasting insulin (coefficient = −0.032, 95% CI: −0.047, −0.017) in age and gender-adjusted models. However, the association moved substantially towards the null in the fully adjusted model. Blood lead was positively associated with LDL-C in age-adjusted, gender-adjusted, and fully adjusted models. Table 3 suggests blood lead concentrations in the highest quartile compared with the lowest quartile were associated with higher LDL-C (coefficient = 0.023, 95% CI: 0.009, 0.037), with evidence of a dose-response relationship (P for trend = 0.031). Similarly, subjects in the highest lead quintile had mean LDL-C levels that were 1.87% greater (95% CI: 0.73%, 3.02%) than in the lowest quintile (Fig. 2) . The results did not meaningfully differ after replacing BMI with waist circumference. The relationship between blood lead and LDL-C in adolescents is visualized in a scatter plot and a fitted line with 95% CI (Fig. 3) .
We take into account that blood lead concentrations were higher in participants who were younger, were boys, were Mexican American, had lower income, had a lower body mass index, had lower waist circumference, had high physical activity or had high serum cotinine. Due to these results, we further divided the population into subgroups to examine the correlations. Table 4 shows that in participants who were younger, were boys, were Non-Hispanic White, had higher income, had a lower body mass index, had lower waist circumference, had low physical activity and had medium serum cotinine were significant of blood lead highest quartile compared with the lowest quartile were associated with higher LDL-C.
Discussion
Using data from a large population sample in the U.S. NHANES 1999-2012 survey, we found that blood lead levels were positively associated with serum LDL-C levels in adolescents. This association persisted after adjusting for age, gender, ethnicity, PIR, BMI, serum cotinine, and physical activity. Further subgroup analyses showed that the associations between blood lead levels and LDL-C concentrations remained significant in subjects who were 12-15 years old, boys, and Non-Hispanic White, with low physical activity, low waist circumference and low BMI in our study. On the epidemiological level, previous studies revealed relationships between human blood lead levels and both CVD mortality and CVRF. Aoki et al. found blood lead was linearly associated with increased CVD mortality in the U.S. population aged 40 years and older 11 . With lead occupational exposure, such as with bus drivers, it was discovered that blood lead level may contribute to the risk of the CVD 12 . A total of 7,383 South Korean lead workers demonstrated that increasing blood lead levels was correlated with an increased risk of high blood pressure 13 . Additionally, Prokopowicz et al. revealed that, with 231 male adults, non-occupational exposure to lead was correlated with new risk factors for CVD, in detail L-homoarginine, fibrinogen, C-reactive protein and homocysteine 14 . For CVRF, Peters et al. observed that blood lead levels were positively associated with total cholesterol and HDL levels among 426 elders 15 . Rhee et al. discovered positive associations between blood lead levels and metabolic syndrome 16 . In addition, an occupational exposure study by Ghiasvand et al. showed that there was no significant correlation between blood lead levels and LDL-C in 497 male workers 17 , which is not consistent with our results. The explanation may be that the blood lead concentration and ages were effect factors.
The roles of lead in the hyperlipidaemia in animal models has been reported. Newairy et al. used female rats treated with tape water containing 0 and 200 mg/L lead acetate for three weeks to evaluate lipid profile 18 . Total lipids, cholesterol, triglycerides and LDL-C were significantly increased and HDL-C was decreased in lead acetate exposed rats compared to the control group. Similarly, Abdel-Moneim et al. treated male rats with 25 mg of lead acetate/kg body weight once daily for 7 day by intraperitoneal injection, indicating that cholesterol, triglycerides and LDL-C were elevated and HDL-C was reduced compared to the control group 19 . Additionally, Komousani et al. administered lead acetate (100 mg/kg body weight) for 2 weeks by subcutaneous in male rats, suggesting high levels of LDL-C and a sharp drop in HDL-C compared to the control group 20 . Although the dose and exposure methods used in the rat models were various, this evidence may support our findings about positive associations between blood lead levels and serum LDL-C levels in adolescents.
In our study, participants who were 12-15 years old, boys, and Non-Hispanic White, and who had low physical activity, low waist circumference and low BMI exhibited significant associations of blood lead and serum LDL-C. The reasons that these factors presented different results were unknown. We speculated that young populations are more likely to put things containing lead into their mouths. An increasing amount of evidence suggests that malnutrition is highly significantly associated with increased levels of blood lead 21 , which may explain why the lower waist circumference and BMI subjects generated positive results.
Non-occupational lead exposure may result in adverse health, even in adolescents, in our findings. Keeping lead and lead sources out of the reach of children and adolescents should be a priority among priorities. Many lead sources were listed: workplace, lead-based paint, leaded gasoline, water, soil, and food contaminated with lead. As for children and adolescents, the sources of lead were as follows: (a) in nonresidential settings and older homes lead paint was used before being banned; (b) leaded gasoline was used in developing countries; (c) lead-leaden kitchenware are sources of lead contamination in food, and old public water systems continue to have networks that include lead piping. We should recognize that lead exposure is wide, and that the adverse effects of lead may contribute to poor human health.
Our results were the first to report the positive associations between blood lead levels and serum LDL-C in U.S. adolescents. The advantages were as follows: (a) the blood lead was due to non-occupational exposure; (b) a large population was included in our present study; and (c) concomitant variables were available to adjust our analyses model. Notably, there are several limitations to the present study. First, due to the cross-sectional character of our study, we were unable to determine whether lead affected LDL-C or vice versa. Second, genetic predisposition may be a crucial influencing factor that was not measured in the NHANES. Third, we could not determine the exposure routes of lead to provide preventive measures to the government.
In summary, the present study results revealed that lead exposure may be associated with harmful CVRF in U.S. adolescents. Future studies are needed to validate this and explore potential mechanisms.
Methods

Study population.
The NHANES studies were performed by the US National Center for Health Statistics (Centers for Disease Control and Prevention, Atlanta, GA, USA). All cycles of the NHANES protocols were approved by the NCHS Research Ethics Review Board 22 , and data user agreement was online (https://www.cdc. gov/nchs/data_access/restrictions.htm). It is a cross-sectional study with a nationally representative sample of the civilian, non-institutionalized U.S. population. The subjects enrolled in the present study were obtained from seven cycles of the NHANES (1999-2000, 2001-2, 2003-4, 2005-6, 2007-8, 2009-10 and 2011-2) . This cross-sectional dataset is comprised of health questionnaire, laboratory (i.e. blood lead, total cholesterol, HDL-cholesterol, LDLcholesterol, triglyceride, fasting glucose, glycohemoglobin, fasting insulin, and serum cotinine). Interviews, substantial physical examinations, and laboratory testing (including blood collection) were conducted in the Mobile Examination Centers. All data from the website of the National Center for Health Statistics were retrieved 23 . We examined the associations of blood lead with CVRF (blood pressure, fasting glucose and insulin, HbA1c and lipid profiles) in adolescents who participated in the NHANES. Subjects in the NHANES over a range of 14 years were chosen to form a random subgroup for the detection of blood lead and CVRF. There were two primary exclusion criteria of subjects, including an age greater than 20 years and a lack of lead measurement. Pregnant women were excluded from the study since they are considered to have an abnormal physiological status that prevents the accuracy of the CVRF.
The final investigation sample consisted of 11,662 adolescents (6-19 years of age, 6,031 boys and 5,631 girls) from this subgroup.
Blood lead and cardiovascular risk factors detection. The measurements of lead concentrations were described in detail elsewhere 24 . Cardiovascular risk factors were determined from serum and were detected in serum. All BP determinations (systolic and diastolic) were averaged in further statistical analysis.
Covariates. We controlled for the following a priori confounders of the relation between blood lead levels and CVRF: age, gender, ethnicity, serum cotinine, the poverty income ratio (PIR), body mass index (BMI), waist circumference, and physical activity. Serum cotinine, a marker of exposure to environmental tobacco smoke, was categorized as less than the limit of detection (0.011 ng/mL), low exposure (0.011-10 ng/mL), and high exposure (≥10 ng/mL) 29 . The PIR was calculated by dividing household income by the poverty guidelines specific to the survey year, as also used in a previous study 30 . We also evaluated the PIR as a potential confounder in binary categories: low (<1), and high (≥1). BMI and waist circumference were evaluated in tertiles. Because physical activity is associated with CVRF, it was assessed by the amount of television, video game and computer usage daily and was added as a covariant in binary categories: high (≤2), and low (>2).
Statistical methods. We regarded continuous variables as the mean ± standard deviation in the present study. The blood lead and CVRF variables underwent natural logarithmic transformation due to its skewed nature, and blood lead was included in the analyses as quartiles based on their distributions in the present population. To investigate the association between blood lead exposure and CVRF, we generated age-adjusted, gender-adjusted, and fully adjusted multiple variable linear regression models and present the associations with regression coefficients (Beta) and 95% confidence intervals (CIs). Multivariable linear models were used to assess the associations between interquartile ratio increases (IQ Ratio = 75th/25th percentiles of lead levels) in blood lead and LDL-C. Statistical tests for linear trends were conducted by modelling quartiles as an ordinal variable using integer values. We present the magnitudes of these associations as the average percent difference in CVRF within each IQ ratio group, as defined by the participants' lead variables. These magnitudes were calculated as [(IQ Ratio^Beta) − 1] * 100. Alcohol consumption, waist circumference and diabetes were not included in the full adjusted models, as adjusting for these three variables separately or collectively did not change the results substantially (<5% of change in effect estimates). The Statistical Analysis Systems software package version 9.2 (SAS Institute, Inc.) was used for the analyses performed in this study. All P values are two-sided, and values less than 0.05 were considered to be statistically significant.
